What is the effect of the Mapleson C circuit compared with the Laerdal circuit in removing secretions and improving ventilation and gas exchange during manual hyperinflation? Design: Prospective, randomised, cross-over trial. Participants: Twenty patients from a tertiary-level intensive care unit who were being mechanically ventilated. Intervention: Manual hyperinflation in side-lying with both the Mapleson C or Laerdal circuit on the one day, one circuit in the morning and one in the afternoon, with a washout period of at least three hours between them. Outcome measures: Secretion clearance was measured as sputum weight, ventilation was measured as respiratory compliance and tidal volume, while gas exchange was measured as oxygenation and CO 2 removal. Results: The Mapleson C circuit cleared 0.89 g (95% CI 0.80 to .5) more secretions than the Laerdal circuit (p < 0.02). There was no difference between the Mapleson C and the Laerdal circuits on respiratory compliance (p = 0.8), tidal volume (p = 0.45), oxygenation (p = 0.28), or CO 2 removal (p = 0.7). Conclusion: Although more secretions were cleared using the Mapleson C compared with the Laerdal circuit in this study, this had no consequence in terms of oxygenation and compliance only trended to improve. As the study was underpowered the clinical significance of these findings is not clear. 
Introduction
Manual hyperinflation is a technique which provides a greater than baseline tidal volume to the lungs using a bag or manual rebreathing circuit (Clement and Hubsch 1968, McCarren and Chow 1996) . It is used by physiotherapists in the respiratory management of intubated patients Morrell 1992, Ntoumenopoulos et al 1998) . Evidence supports the use of manual hyperinflation for re-expanding acute atelectasis (Rothen et al 1993) , improving respiratory compliance (Choi et al 2005 , Hodgson et al 2000 , Jones et al 1992b , Patman et al 2000 , reducing inspiratory resistance (Choi et al 2005) , increasing oxygenation (Stiller et al 1996 , Paratz et al 2002 and enhancing the removal of secretions (Hodgson et al 2000) .
A recent survey demonstrated variation in the type of circuits used for manual hyperinflation, with some facilities using up to three different types of circuits, including reservoir bags attached to spring loaded valves (Mapleson C, Mapleson F, Magill) and silicone bags (Laerdal, Air Viva) (Hodgson et al 1999) . This may in part be influenced by an attempt to maintain positive end expiratory pressure (PEEP) during manual hyperinflation (Savian et al 2005) . It may also be due to unit policies or simply to personal preference.
Comparisons have been made between different circuits both in vivo and in vitro (Jones et al 1992a , Jones et al 1991 , Maxwell and Ellis 1998 , McCarren and Chow 1996 , Savian et al 2005 . Laboratory studies have found that the Mapleson C and/or Mapleson F circuits generated a higher expiratory flow rate Ellis 2003, Savian et al 2005) , particularly at high levels of positive end expiratory pressure (Savian et al 2005) or higher airway pressure or tidal volume (McCarren and Chow 1996) , than the Laerdal or Air Viva 2 circuit. One clinical study (Jones et al 1992a) compared the expiratory flow rates between circuits and found a higher peak expiratory flow rate in the Laerdal circuit at low peak inspiratory pressure (13 cmH 2 O) compared with a higher peak expiratory flow rate in the Mapleson C at a high peak inspiratory pressure (38 cmH 2 O). In clinical practice it is difficult to achieve high peak inspiratory pressures with the Laerdal circuit due to the design of the expiratory valve which releases pressure as a safety feature.
It has been hypothesised that a higher peak expiratory flow rate, tidal volume and airway pressure would be more efficient in secretion removal and reversing atelectasis in an intubated patient (Kim et al 1986 , King et al 1992 , Maxwell and Ellis 1998 . However, no study has investigated whether these higher values of peak expiratory flow rate, volume or pressure found in the Mapleson circuits result in improved short or long term clinical outcomes compared to Laerdal and Air Viva 2 circuits. Therefore, the aim of this study was to compare the Mapleson C with the Laerdal circuit during manual hyperinflation in ventilated patients in intensive care units. The research questions for this study were:
1. Is the Mapleson C circuit more effective than the Laerdal circuit in removing secretions and improving ventilation 
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Our hypothesis was that the increased expiratory flow rate using the Mapleson C, as described in previous work, would result in increased sputum removal, improved ventilation, and better gas exchange in vivo.
Method
Design: This was a prospective, randomised, cross-over design where patients acted as their own controls. A staff radiologist reported the chest X-ray findings each morning, after which the intensivist and treating physiotherapist decided upon inclusion of patients. Participants were allocated randomly, using cards in unmarked envelopes, to receive manual hyperinflation in side-lying with either the Mapleson C or the Laerdal circuit first. All participants received both interventions on one day, one in the morning and one in the afternoon, with a washout period of at least three hours between interventions. Baseline measurements of ventilation and gas exchange were performed in the supine position. These measures were retaken 30 and 60 minutes after intervention in order to determine the shortterm effects and to observe whether the values reverted back to baseline within an hour of intervention. Secretion clearance during manual hyperinflation was also measured. Participants were treated by the same physiotherapist on both occasions and a second therapist (not blinded to intervention allocation) recorded all measurements. Ethical approval of the design of this trial was gained from the Alfred Hospital Ethics Committee and informed consent was gained from participants or next of kin before data collection took place.
Participants: Participants were recruited from patients admitted to the intensive care units at the Alfred Hospital in Melbourne, Australia. Inclusion criteria consisted of mechanical ventilation, arterial line in situ, chest Xray evidence of lung collapse and/or consolidation, and PaO 2 /FiO 2 < 350. Exclusion criteria included ventilatory requirements of positive end expiratory pressure > 10 cmH 2 O and FiO 2 > 0.6, acute respiratory distress syndrome (Kollef and Schuster 1995) , acute pulmonary oedema, acute head injury, mean arterial pressure < 60 mmHg, peak inspiratory airway pressure > 40 cmH 2 0 (as recorded from the ventilator), acute bronchospasm, subcutaneous emphysema or presence of an intercostal catheter with a visible air leak. In addition, participants were withdrawn from the study if their mean arterial pressure fell below 60 mmHg during intervention.
Intervention: Participants were positioned in side-lying (bed flat) so that the more affected lung, as seen on chest X-ray, was uppermost for both interventions. Suction of the airways and the endotracheal tube to clear secretions occurred immediately and again in 5 minutes followed by 5 minutes of side-lying alone to allow the patient to settle without interruption. At the end of the ten minutes, six sets of six manual hyperinflation breaths were delivered to the patient using either the Mapleson C circuit (a) or the Laerdal circuit (b) at the same FiO 2 as provided by the mechanical ventilator (calibrated with an oxygen analyser). A blender was used in the circuit to provide this FiO 2. A manometer was included in the circuit and participants were manually hyperinflated to a maximum peak airway pressure of 40 cmH 2 O with a breath hold of no less than two seconds maintained at the end of the inspiratory phase. Expiration was passive and unobstructed to facilitate expiratory flow with no positive end expiratory pressure applied. Suction was performed at the end of manual hyperinflation. A closed-suction system was used for all participants and three suction passes were completed in total. The total duration of the intervention was 20 minutes. Hyperoxygenation to 100% was not used for any participant.
Outcome measures: Secretion clearance during manual hyperinflation was measured as sputum weight in grams. Sputum was collected in a pre-weighed sputum trap attached to the suction catheter of the closed-suction system. On completion of the suction passes, 5 ml of sterile saline was flushed through the suction tubing into the trap to clear any secretions in the catheter. The wet weight of sputum was calculated by subtracting the weight of the trap and the saline from the total weight of the trap and its contents.
Ventilation was measured as respiratory compliance in ml/ cmH 2 O and tidal volume in ml. Respiratory compliance was calculated according to standard formulae (Nunn 2000 , Rossi et al 1989 and not by using the ventilator. In order to measure compliance, mandatory breaths at 8 ml/kg (assist control and/or synchronised intermittent mandatory ventilation) were delivered to participants in the supine position (Rossi et al 1989) . Measurement of respiratory compliance requires zero flow. It was therefore measured using plateau pressure by including an inspiratory pause of two seconds duration into the mandatory breath of the ventilator. Spontaneously-breathing participants were changed temporarily to synchronized intermittent mandatory ventilation (8 bpm and tidal volume at 8ml/ kg) for measurement of lung compliance with close monitoring of flow and pressure waveforms to ensure stable measurements with no inspiratory effort during the plateau period. The ventilators were calibrated for volume, pressure and flow according to the manufactures service recommendations (Nellcor Puritan Bennett 1998), which include conducting volume calibrations with an external sensor placed at the 'Y'. Tidal volume was read directly from the ventilator however plateau pressure was read from an external manometer that was included into the circuit at the endotracheal tube to minimize error (Chartrand et al 1993) . Tidal volume was measured by taking an average of three consecutive spontaneous breaths.
Gas exchange was measured as oxygenation (PaO 2 /FiO 2 ) and arterial CO 2 (PaCO 2 in mmHg) calculated from arterial blood samples taken immediately prior to measurement of respiratory compliance with the patient in supine.
Data analysis:
Normality was ascertained by the Komorgorov-Smirnov statistic (non significant) and normal Q-Q plots, indicating that parametric statistics were able to be used. Data were examined for outliers by inspection of histograms and boxplots. A repeated measures analysis of variance for intervention*time was performed to determine if there was any difference in effect between the two manual hyperinflation circuits. The repeated measures of time were baseline, 30 minutes post intervention and 60 minutes post intervention. Four variables were investigated: respiratory compliance, tidal volume, oxygenation, and arterial CO 2 .
Order of intervention was also analysed as a covariate in order to detect any carryover effect from the previous intervention. If a difference between the two manual hyperinflation circuits was found for any variable, post hoc comparisons with Bonferroni adjustment were made. Sputum weight was analysed using a paired t-test. The level considered to be statistically significant was p < 0.05.
Results
Flow of participants through the trial: Twenty participants (fifteen males) with a mean age of 58 (range 30 to 79) years were recruited to the study. Characteristics of the participants are given in Table 1 .
Compliance with trial method: Generally participants coped well with manual hyperinflation from either the Mapleson C or the Laerdal circuit. There were no adverse changes reported in heart rate or mean arterial pressure during manual hyperinflation and all participants completed the procedure (Figure 1 ).
Effect of intervention:
Mean (SD) scores, mean (SD) differences within groups, and mean (95% CI) differences between the Mapleson C and the Laerdal interventions for all outcomes are shown in Table 2 . The Mapleson C circuit cleared 0.89 g (95% CI 0.80 to 1.15) more secretions than the Laerdal circuit, which was statistically significant (t = 2.06, p < 0.02). There was no difference between the Mapleson C and the Laerdal interventions for respiratory compliance (p = 0.81), tidal volume (p = 0.45), oxygenation (p = 0.28), or CO 2 removal (p = 0.17). There was no significant order effect. 
Discussion
This study aimed to investigate whether there was a difference in short-term outcomes when using either the Mapleson C or Laerdal circuit in intubated and mechanically-ventilated patients. The Mapleson C circuit cleared significantly more secretions than the Laerdal circuit. The increase in sputum clearance with the Mapleson C may be explained by previous laboratory studies which showed that the Mapleson C delivered higher peak expiratory flow rate, peak inspiratory pressure, and tidal volume (Savian et al 2005, Maxwell and Ellis 2003) . However, there was no difference between the circuits in ventilation or gas exchange.
This is the first study comparing manual hyperinflation circuits to be carried out in the clinic on mechanicallyventilated patients. The patients studied were representative of a mixed, general intensive care unit population. The mechanical ventilation used in this trial reflects current practice with most patients in spontaneous modes. Manual hyperinflation as a technique to clear secretions was described in papers as early as 1968 (Clement and Hubsch 1968) with more recent support (Hodgson et al 2000) . However, the mechanism underlying improved secretion clearance during manual hyperinflation in sidelying was not determined by this study. The transport of sputum in the bronchial tree has been described since the 1970s and may, in part, be attributed to two-phase gas-liquid flow (Kim et al 1986 , King et al 1992 which suggests that the greater the difference in flow between expiration and inspiration, the better the secretion clearance. Laboratory studies have found that the Mapleson C circuit has a higher peak expiratory flow rate than the Laerdal circuit Ellis 2003, Savian et al 2005) which may explain the increased amount of secretion clearance obtained with the Mapleson C compared to the Laerdal circuit in this trial. Because it was very difficult to achieve 40 cmH 2 O pressure during manual hyperinflation using the Laerdal circuit due to the pressurereleasing design of the expiratory valve, the Mapleson C delivered a consistently higher airway pressure than the Laerdal circuit. Assuming that respiratory compliance was consistent across interventions (because there was no order effect), the Laerdal circuit would have delivered a lower tidal volume and potentially a lower peak expiratory flow than the Mapleson C circuit. Although more secretions were cleared using the Mapleson C compared with the Laerdal circuit in this study, this had no consequence in terms of respiratory compliance or oxygenation suggesting that it may not be clinically worthwhile. Improvement in oxygenation with manual hyperinflation would be expected if secretions had caused lung collapse with ventilation-perfusion mismatch.
Previous work comparing the effects of manual hyperinflation in mechanically-ventilated patients used a similar withingroup study design and found an improvement in respiratory compliance (Berney et al 2004 , Hodgson et al 2000 , Jones et al 1992b . This is supported by the finding of a trend towards improvement in respiratory compliance with time in this trial when the groups were pooled (p = 0.07). The trial was underpowered which may explain the absence of significant differences between the interventions in the other outcomes. Alternatively, the loss of positive end expiratory pressure may have resulted in lung derecruitment (Lapinsky and Mehta 2005, Piacentini et al 2003) Ventilator hyperinflation may be a more effective means of maintaining positive end expiratory pressure (Berney and Denehy 2002) .
It is important to acknowledge that the main limitation of this study is the small sample size and subsequent lack of power. This is due mainly to the excessive length of time it took to recruit patients into the study. Other limitations include the lack of blinding of the person measuring the outcomes. Ideally, peak expiratory flow rate during manual hyperinflation and airways resistance before and after the intervention would also have been measured.
The use of manual hyperinflation in the intervention of mechanically-ventilated patients needs to be investigated further to determine the long-term effects of the technique and the patient groups who may benefit most from it. Because manual hyperinflation involves increasing peak inspiratory pressure, plateau pressure, and lung volumes, care in instituting this technique is vital and constant monitoring of cardiovascular parameters is essential. It is our recommendation that achieving a peak inspiratory pressure of 40 cmH2O with manual hyperinflation is a good compromise between safety and effectiveness (Rothen at al 1993 , Hodgson et al 2000 and in our experience the Mapleson C achieved this pressure consistently while the Laerdal circuit did not.
In conclusion, there was no difference between the Laerdal and Mapleson C circuits in terms of ventilation or gas exchange. There were more secretions cleared using the Mapleson C circuit compared to the Laerdal circuit. There was also a trend for improvement in respiratory compliance with both circuits in mechanically-ventilated patients with the use of manual hyperinflation without an increase in the FiO 2 delivered. Further investigation is required to determine the long term effects of manual hyperinflation on mechanically-ventilated patients including the prophylactic use of this modality for prevention of atelectasis (especially with low tidal volume ventilation) and the use of manual hyperinflation with specific respiratory complications such as lung collapse and/or consolidation, secretion retention, and impaired mucociliary clearance.
Footnotes: (a) 2 L Mapleson C antistatic re-breathing circuit BS 3352 (b) Laerdal adult 1.6 L BAG, Laerdal Medical Corp, NY. 
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